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REMARKS 

Claims 1-9 are pending. Claims 7-9 are withdrawn from consideration as 
being drawn to a non-elected species, the requirement having been traversed. By 
this Amendment, claims 10-14 are cancelled without prejudice or disclaimer and 
claims 1-3 are amended. Reconsideration and allowance in view of the above 
amendments and following remarks are respectfully requested. 

Claims 1-6 were rejected under 35 U.S.C. § 112, 1st paragraph. The 

rejection is respectfully traversed. 

,t is respectfully submitted that the Office Action fails to meet the initial burden 
of presenting evidence or reasoning to explain why persons of ordinary skill in the art 
would not recognize in the original disclosure a description of the invention defined 
by the claims, as required by MPEP § 2163 ...A.3.(b). It is further respectfully 
submitted that the claims are supported by the specification as originally filed. 

Each of the four embodiments described in this application includes a first and 
second proportional solenoid valve. See, for example, valves 21 and 22 of Figures 
1.4. it is respectfully submitted that the general structure and operation of a 
proportional solenoid valve is known to the those of ordinary skill in the art as 
including a valve in which a valve member is moved in a manner proportional to the 
amount of current applied to the solenoid to achieve varying degrees of openness of 
the valve. An example is described in column 1 of U.S. Patent 6,619,612 (copy 
attached). Also, the present application describes, for example near the bottom of 
page 17, that the proportional solenoid valve controls pressure to a value 
corresponding to the applied current. 
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With respect to Krone et al. (U.S. Patent 5,813,226), it is respectfully 
submitted that this reference does not state that a proportional valve is a valve which 
is only adjusted to one required level between fully open and fully closed. In fact, the 
discussion in lines 3-6 of column 8 indicates otherwise. 

It is respectfully submitted that one of ordinary skill in the art would 
understand that a proportional solenoid valve is a valve having varying degress of 
openness depending on the control current applied to the solenoid. Accordingly, it is 
respectfully submitted that such claim language is fully supported by the specification 
as originally filed. Nevertheless, to advance prosecution of the application, the 
wording in the independent claims has been changed to utilize slightly different 
language set forth in the specification. 

Reconsideration and withdrawal of the rejection of claims 1-6 under 35 U.S.C. 
§112, 1st paragraph are respectfully requested. 

Claims 1-3 were rejected under 35 U.S.C. § 103(a) over Ota et al. (U.S. 
Patent 6,199,964) in view of Turner et al. and claims 4-6 were rejected under 35 
U.S.C. § 103(a) over Ota et al. in view of Turner et al. and further in view of Haas 
(U.S. Patent 6,422,662). The rejections are respectfully traversed. 

MPEP § 2143 states: To establish a prima facie case of obviousness, three 
basic criteria must be met. First, there must be some suggestion or motivation, either 
in the references themselves or in the knowledge generally available to one of 
ordinary skill in the art, to modify the reference or to combine reference teachings. 
Second, there must be a reasonable expectation of success. Finally, the prior art 
reference (or references when combined) must teach or suggest all the claim 
limitations. 
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It is respectfully submitted that the combination of Ota et al. and Turner et al. 
fails to establish a prima facie case of obviousness against claims 1-3 because there 
is no teaching, suggestion, or motivation, either in the references themselves, or in 
the knowledge generally available to one of ordinary skill in the art, to combine the 
references. It is also respectfully submitted that even assuming it would have been 
obvious to combine the references, which Applicants do not concede, the 
combination would fail to include all the features of claims 1-3. 

As recited in each of claims 1-3, control of the hydraulic pressure supplied to 
the wheel cylinders during automatic brake control is performed by operating the first 
proportional solenoid valve to increase the hydraulic pressure in the wheel cylinders 
and by operating the second proportional solenoid valve to decrease the hydraulic 
pressure in the wheel cylinders. When the output hydraulic pressure of the pressure 
adjusting valve exceeds the hydraulic pressure in the wheel cylinders in response to 
operation of the brake operating member (e.g. when the brake pedal is depressed 
hard) during the automatic brake control, the output hydraulic pressure of the 
pressure adjusting valve is supplied into the wheel cylinders through the check valve 
which is provided in parallel to the second proportional solenoid valve. 

In Ota et al., during automatic braking, the two-port, two position, normally 
closed solenoid valve STR is kept open, while the two-port, two-position, normally 
open solenoid valve SA3 is kept closed. The hydraulic pressures in the respective 
wheel cylinders Wfi, W fr , W ri , W rr during automatic braking are controlled by adjusting 
the amount of pressure increase with the solenoid valves PC1-PC4 and adjusting the 
amount of pressure reduction with the solenoid valves PC5-PC8. There is no 
disclosure or suggestion whatsoever by Ota et al. that the valve STR is, or should 
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be, used to control the amount of pressure increase in the wheel cylinders. There is 
also no disclosure or suggestion by Ota et al. that the valve SA3 is, or should be, 
used to control the amount of pressure reduction in the wheel cylinders. 

Futhermore, in the system of Ota et al., if the brake pedal is depressed during 
automatic brake control, it is not possible to increase the hydraulic pressures in the 
wheel cylinders to a level corresponding to the brake operating amount, as recited in 
each of claims 1-3. This is because during automatic braking, the hydraulic 
pressures in the wheel cylinders are controlled by adjusting the amount of pressure 
increase with the solenoid valves PC1-PC4 and adjusting the amount of pressure 
reduction with the solenoid valves PC5-PC8, with the valve STR being kept open 
and the valve SA3 being kept closed. In this state, the pressure in line MR1 is kept 
equal to the pressure in the accumulator Acc because the solenoid valve STR is kept 
open. This means that the pressure in line MR1 is higher than the pressure in line 
MR. Thus, when the brake pedal is depressed during automatic brake control, 
pressure in line MR cannot be supplied to line MR1 through the check valve CVS 
either. 

Turner et al. fail to cure these deficiencies of Ota et al. The proportional valve 
24 of Turner et al. is configured to adjust its degree of opening to a value 
corresponding to pilot pressure (i.e. by the opened or closed states of the pilot 
control valves 20, 22). See column 8, lines 41-54. The proportional valve 24 of 
Turner et al. does not adjust a pressure difference between the upstream and 
downstream sides of the valve 24 to a value corresponding to a control current 
applied to the valve 24, nor does it adjust its degree of opening to values 
corresponding to control current applied thereto. Because the valves STR and SA3 
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of Ota et al. are not controlled by pilot pressure from pilot valves, one of ordinary skill 
in the art would not have been motivated to use the proportional valve 24 of Turner 
et al. instead of the two-port, two position valves STR and SA3 of Ota et al. In 
addition, even if such motivation did exist, the results would not be proportional 
solenoid valves in which a differential pressure between upstream and downstream 
hydraulic pressure is controllable to a value corresponding to a control current 
applied thereto. 

Claims 4-6 recite additional features of the invention and are allowable for the 
same reasons discussed above with respect to claims 1-3 and for the additional 
features recited therein. Furthermore, it is respectfully submitted that Haas fails to 
cure the deficiencies of the combination of Ota et al. and Turner et al. discussed 
above, and even assuming it would have been obvious to combine the references, 
which Applicants do not concede, the combination would not include all the claimed 
features and would not present a prima facie case of obviousness. 

Reconsideration and withdrawal of the rejections over Ota et al., Turner et al. 
and Haas are respectfully requested. 

In view of the above amendments and remarks, it is respectfully submitted 
that all of the claims are allowable, and the entire application is in condition for 
allowance. 
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Should any questions arise in connection with this application or should the 
Examiner believe that a telephone conference with the undersigned would be helpful 
in resolving any remaining issues pertaining to this application the undersigned 
respectfully requests to be contacted at the number indicated below. 



P.O. Box 1404 

Alexandria, Virginia 22313-1404 
(703) 836-6620 

Attachment: 

U.S. Patent 6,619,612 



Respectfully submitted 



Buchanan Ingersoll & Rooney pc 



Date: February 5, 2007 




John P. Darling 
Registration No. 44482 
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(57) ABSTRACT 

An extended range proportional valve which can control 
rates of mass flow over continuous low, intermediate and 
high ranges has a pilot member mounted on an armature of 
a solenoid which can be dithered onto and off of a pilot 
opening in a main valve member which seals a main valve 
opening to control mass flow rates over the low range by 
varying the duty cycle and/or frequency of a pulse width 
modulated current in the solenoid coil. Intermediate and 
high flow rates are achieved by dithering the pilot valve 
member with a duty cycle and/or frequency sufficient to 
raise the main valve member relatively short and relatively 
long respective distances from the main valve seat. 

14 Claims, 6 Drawing Sheets 
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VALVE I om the Met below the diaphragm to force the W 

CROSS REFERENCE TO RELATED g-J-J ^ " 

APPLICATIONS . J« JLta-d US. M. No. 5 67632 

TO, Applictioo cUim. priority to P*wi»»1 Agpta- J^'Ud to .dminbl, perfon, its tacULl »«■»« 
SmS. To 60/120,673 crtilfcd "ExMdod R»6« Propot- b»»« ^ „ „ „ m«i™4 

«w. « «■ — - * bovt -"™ d js- »■ -siSf js otSS^ 

— .C—OPTHE— » ^&W5dKg=S 

"f » » 5S " tmbo, : fotcoti onto to «*» *' 1 „ 

SSL »te to . teu mn. .g»« • 4ta« of • Pilot «.tvo — *« fo » * K"™,? 

Met chamber below the diaphragm. This bleed opemng J aQd fluid flow is Umite d to passage through the pilot open 

smaller than the pilot opening. When fc pJ Vg ■ 

^?£^^£Z2S£*£& - SUMMARY OF THE INVENTION 

235 £2 ™ ^hrat According to the invention, low flow rates are achieved 

S-^^^^^^^^ST. ov« a continuous range, without lifting the - * 

downwardly toward the main valve seat thereby sealing a ove^a ^ ^ ^ through widto and 
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-ii , a „, FIG 2 is a view similar to FIG. 1, but showing the valve 

to 5 0 scfm, the solenoid armature or plunger is osculatea or „ - tting a low range of mass flow rates, 

dithered onto and off of the pilot valve seat on ttto mjnjhj whde permi mg g rg ^ ^ ^ 

member with a duty cycle during which the pilot opening) a H03« aw diate e of mass fl ow rates. 

cvc ' thlb h : £SS main valve member on the M itting a high range of mass flow rates 

mat vaWe seafand limiting fluid flow to a path through the ^ ig , block diagram depictmg the power 

pan ning. For increasingly greater flow rates, the duty su pply for the solenoid of FIGS. 1-4. 

cycle of the solenoid armature is adjusted to urease the PP > g ^ ^ diagram depictmg an Jtew« 

proportion of the cycle during which the pilot r opening is 1Q of ^ ent BV ention. 

expo^d to the fluid, and thereby increase the rate of fluid emoo_ ^ ^ ^ of , mapplI)g curv6 0 f 

flow through the pilot openmg. f~ouencv PWM signal verses flow. 

As the rate of fluid flow approaches a leve that xan aUow ^<*c * ^ rese ntation of a mapping curve of 

from the main valve seat a distant* corresponding to a embodiffient of the present mvention shown in FIG. V 
desired intermediate rate of flow where the rate of flow ^ ^ QpeD yalye 

through the pilot opening is suppk ^J^™J DESCRIPTION OF THE PREFERRED 

through the main valve openmg. Flow * interned a^ mass DESCRlr 1 ^jgQjjj^gj^j 

MlTiS^^ — ^ W Referring to FIGS. 1-4 of the drawmgs, a proportional 

flowStes toXh the contribution of flow through the flo * e yalye S 10 chosen t0 illustrate the present invent on 

S opening becomes insignificant, are achieved a S the 25 ™ a valve bo dy 12 having a fluid inlet port 14, a flu d 

£ valve member is lifted further away from the main «^ port 16, and main valve seat 18 "n^"™ 

valve seat. . . orifice 20. The outlet port 16 resides within a hoUow elbow 

It is therefore an object of the invention to provide a single on ^ ^ ^ joms a honzont a 

proporlal flow valve, which can provide continuous Jmj g J a JJ^ ^ ^ ^ ^ termmatlDg a t 

variation of flow rates over a range heretofore unrealizable. 30 ^ main yalye ^ 18 . 

Another object of the invention is to provide a proper- valve ^ 30 a main valve member 32 

tional flow valve with a solenoid actuator which can be sMabl 0 ^ ted within vertical section 28 of outlet port 16 

energized by a current having a vanabk duty cycle for J J movemtDt . The man , valve ] member 32 

dkhering a pilot valve member onto and off of a pilot sea on »» ' P f ^ section ^ axially extending 

fmainvyememberforenablmgacontinuousrangeo low 3 5 ^ pa raUel vanes 3 two of whichcan 

flow rates through a pilot opening in the valve without C fee ^ en to the drawings. The outer circumference of he mam 

raising the main valve member from the main valve seat. J2 .. profi , ed t0 accept an upp6r diaphragm 

Still another object of this invention is to provide appa- twasher 36 having a planar lower annular smface and 

ratus for modulating flow through the pilot opening in the a | P a hragm retain m g ring 38 having a planar upper annu lar 

seated main valve member without reaching the critical flow 40 V Sandwiched between the lower annular surface o 

"teatwtohopenthemainvalvememberistiftenofoffthe JJ* m washer 3 6 and upp« annul* 

main valve seat. , . surface of diaphragm retaining ring 38 for movement wan 

Afurther object of the invention is to provide a valve of ^ yalye member 32 is the central area of an annular 

the typV described above wherein the duty cycle and/or 17 which serves as a pressure member 

frequency of the pulse width modulated solenoid current can for fte ya , ye 10 

L adjusted to enable the pilot valve to remain open long ^ „ &ecured t0 the top of the valve body 

enoughtoraisememainvalvememberfromtoemainvalve fasteneis 42. Disposed betw^n the bonne 

seat hi degrees corresponding to a desired rate of interme- ^ ^ a raised circumfer ential ridge 44 on _ topof 

diate or high volume fluid flow. . [ he valve body 12 is the outer ^^tf^Z 

Still another object of the invention is to maintain conti- 50 ^ fa fixedly he , d Qn ^ , Slde by the bonne plate 

nuity between low flow, intermediate flow, and high flow ^^oatay^^^^f"?^^^ 
rates in a proportional solenoid valve as a transition takes > ya , ye bod 12 and a seal 46 inside and 
£ tan a -nge of low flow rates only through «h e pilot 44. Seal 46 cushions Je 

E ( main va i V e closed) through intermediate flow rates diaohragm 17 ^d prevents leakage of fluid at the interlaces 

EffSSZS events posing through both the 55 ££SfSc bon nef plate 40, valve body, 12, and diaphragm 

oLt and main valve openings, to high flow rates which ^ 

occur principally through the main valve openmg. armular retaining cUp 48 captured in a P^™"; 

Otherandfurtherobjectsoftheinventionwfllbeapparent ^ main va i ve member 32 urges the ^ uppe^ : to 

from the following drawings and description of a preferred 6 , washer 36 toward the central region^ ot 

M^Sbm^^^^«^nm^ «• ^ f " t0 ^ diaphragm 17 diaphragm 
als are used to indicate like parts in the various views. ring 38 vanes l^ggf^TSS 

DESCRIPTION OF THE DRAWINGS annidarmam -^2SSS-5--— 

FIG 1 is a cross sectional view of a proportional flow ™veseai P 
valve in accordance with the preferred embodiment of the 65 ^ ^ fflain ya , ye member 32 , 

invention, the solenoid actuator being de-energized and the washer 36> diaphragm retaimng 



valve closed. 
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50, all of which move toward and away f^tomm»Jj V ^ fflass flow through the vldve 

seat 18 as a unit. During such movement, an cToccur over an intermediate range of rates, greater than 

annular portion 54 of diaphragm 17 »^*£*«Z£ 5 ^^rang e to which the valve is restricted when flow is 

while the periphery of diaphragm 17 is held fixedly in place_ me b passagewa y 56. 

Axial movement of the main valve unit 30 takes place with hmited to _ «i .put p gy ^ ^ 

£ vanes 34 of main valve member 32 guided within a Once the «™ ^^^^ ihiD 2 5% of the 

vertical cylindrical wall of the outlet port 16 leading from gh range of mass flow 

the main valve seat IS. achievable How at high rates occurs principally 

Within the main valve member 32 « ; along^ - >20, and! amount of flow through 

central axis, is a pilot passageway ,n the form of. ^ciradar mog g6 becomes neg]igible . 

bore 56 surrounded at its upper end by a P^t vrfveseat ^ 8 the pUo p g X ^ ^ 

and opening at its lower end into the outlet port 16. The pi o In onto to acnieve ic . ^ 

passageway 56 is selectively opened and closed by a pilot ^ passageway *rf the ggftg^ member 68 is 

valve-sealmg member 68. Withered onto and off of the pilot valve seat 58 by a current 

Amain valve spring 60 is compressed between a shoulder dnhere ^ onto and oZot V M permits and 

62 formed with the bonnet plate 40 and the top surface , of fce J^SSSSS, of fluid through the pilot passageway 56 

upper diaphragm support washer 36 thereby urging the maxn ^P^rtL sufficient pressure in the reservoir 64 to 

vSve unit 30 downwardly into engagement with the mam ^ » as to mam^ ^ n from 

valve seat 18. UftW the main valve member 32 off of the main valve seat 

Tne fluid inlet port 14 is bounded by the underside of the J» m S 

main valve unit 30 (including diaphragm 17) I and the exte- ^ passageway 56 need not 

rior surface of vertical section 28 of outlet po t 1£A T be a ^ ^ fre 

reservoir 64 occupies the open volume above the mam valve ^ MUmm .° * f ^ modulate d solenoid 

unit 30. a • j . k current the relative time during which the pilot valve 

The diaphragm 17 is impermeable to the fluid to be . fe ^ ^ fluid , he feservoir 64; vers us 

controUed by the proportional flow valve A bleed pas- £ * passageway 56 is sealed by the pilot 

sageway 66 in the bonnet 40 and valve body 12 enables . flmd v ^ ve _ sealin F member 68 , can be varied to continuously 

communication between the reservoir 64 and inlet port 14 so 30 ^ decrease the rate of fluid flow through the pilot 

that fluid from the inlet port 14 can enter the reservoir o4 56 while prevent ing the pressure in the reservoir 

above the main valve unit 30. The bleed passageway 66 has P ^ d > creasifl enough t0 permit the diaphragm 17 to 

a smaller cross section than the smallest cross section of ^ the main valve memb er 32 from the main valve seat 18. 

pilot passageway 56 so that fluid can flow through the pilot frequency and pulse width of the 

Jass^eway 56 faster than through the bleed passageway 66 J5 Jgj^JJJ £ V 5U alternate between the off 

when the pilot passageway 56 is open. fa n(J j ^ the 0Q state shown m FIG. 2 to 

When the pilot valve is closed, as shown in FIG 1, i.e., ^ ^ q£ fluid flow without opening the mam 

when pilot valve sealing member 68 engages pilot valve seat V Hftin , he main valve mem ber 32 from 

58, and when the main valve unit 30 is dosed, i.e., when valve,^ ^ ^ ^ 

main valve seal 50 engages main valve seat 18, fluid cannot 40 ± tonnet late 40 b a glenoid actuator 70. 

flow from the fluid inlet port 14 to the fluid outlet port 16 Sumounfang V* P ^ ?2 q£ el6CtricaUy 

through main orifice 20. When the pilot vdve » open ,. ^^^wld around a spool 74 made of non- 

when pilot valve-sealing member 68 is not in engagement conductive wire material. Suit- 

with pilot valve seat 58, and the mam valve unit 30 is closed *?° ° g ided fo / C onnection to a source of 

as shown in FIG. 2, fluid can flow from the fluid jnkt port 45 able terminals are provrf ^ ^ A ^ 

14 to the fluid outlet port 16 only through the bleed pas- electric » f & ^ solenoid ^ 72 . 

sageway 66 into the reservoir 64, and then from reservoir 64 mg 76 of g fe located ^ the 

hfoughpilot passageway 56. Such fluid flow is therefore Astationary — e or pi ^8*1 

hmited to a low range of mass fluid flow rates, the actual rate upper . porton of the spod 74. 

of flow being dependent on the relative time during whrch 50 downwarfty fron .die ptog 7 g.^ rf ^ ^ 

thepilotvalveisopenversusthetunedunngwhichthepilo, ^^^^^ fa ^ ^ to thcBwer 

valve is closed. . f , u nnnet nlate 40 Fastening between the core 

When main valve seal 50 is out of engagement with main portion plate 40^ ^ ^ ^ ^ 

valve seat 18, fluid flow can occur through the space tobe 80 and^Uar threading or 

between the vanes 34 of main valve member 32. The 55 plate d » ^ ~ ^ ^ ^ ' manner of forming a sturdy and 

increasing the rate of flow from the fluid inlet port 14 to the ^ dispQSed within , he ^ tube 80 is a 

fluid outlet port 16. movable armature 84 of magnetic material. Mounted on the 

Initially, for example when the main valve member 32 » 60 movab e armamre g ^ ^ & drcumferential 

removed from the main valve seat 18 by a distance equal to ^ 8 e 6 7;J 0 7 valve spring 88 surrounding the movable 
orlessthan25%ofthediameterofthemamonfice20 flow J"Jj££g & J A circumferential flange 

through the main orifice 20 is restricted and the rate ct flow J™^ ace of coUa r 82 and urges the movable 

through the pilot passageway 56 makes a significant contn- 86 and £*om ?g ^ uppef 

butiontothetotalra te offlowthrou^thevalve,x fi e.,thes^ 65 ^^^f^J 84 and lower face of the 

^^.rrespondrnglyprofiledsoth,^ 
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meshasthemovablearmaJ "^J^MS g^^^T " ' 

P Wh<£ ZZS^n is le-energized (FIG. 1) and the obtained , is determined by the extent to which the man. 
fluStS^ 5 valve member 32 is raised from the mam valve seat 18 

fo a IK preiS fluid, e.g. a gasoline pump, the which is m ^ set according to the position °f movable 
fluid* forced Cugh the ble^ passageway 66 into the amature 84 is a fiction of the duty eye e and/or frequency 
resmoir Mabove the main valve unit 30. The area of the of the ke width modulated current applied to soleno d coil 
opTf the main valve unit 30 exposed to the fluid is greater ^ the preferred method of current control on soleno d 
than the area of the bottom of the main valve unit 30 exposed 10 activated pr0 portional flow control valves being by pulse 
to the fluid. Hence, the force of the fluid on the top of main modulation (PWM). 

valve unit 30, combined with the force of the spring 60, ^ modulation( as employed in prior art 

holds main valve seal 50 against main valve seat 18 to close rtional ^cid va lves, a fixed frequency variable duty 

the proportional flow valve 10. When solenoid coil 72 is first vv ^ fc ^ the coil of the ^oid m 

energized by an electric current (FIG. 2), movable armature 15 ^ h ^ ^ ^ ^ fa , lin ear fashion, 

84 is attracted to plugnut 78, and hence begins to move varying , he force exerted b y the solenoid on the 

upwardly against the force of spring 88. As movable arma- ^ acmating mec hanism, and thus changing the flow 
ture 84 rises, it moves pilot valve sealing member 68 away ^ ^ yalve The use of a ^re waV e signal has two 
from pilot valve seat 58, thereby pennitting inlet fluid to ^ advantages over the use of a linear amplifier to 

flow through passageway 56 into outlet port 16 which is at 20 rf ^ current. First, the switching type of 

the lower outlet pressure. Because the effective flow rate controller has much great er efficiency than a linear amplifier, 
through the pilot passageway 56 is greater than the effective d ^ choice o£ the fixed swi tching frequency 

flow rate through the bleed passageway 66, the pressure rf ^ e waye can provide a sma ll variation m solenoid 
above the main valve unit 30 and diaphragm 17 begins to ^ translates int0 a mechanical dither of the raised 

decrease. Although the pilot passageway 56 in the illustrated 25 ^ which> in tunl) red uces the effects of static 

preferred embodiment of the invention is of larger diameter ^ ^ mechanical h y Ster esis in the valve. By carefully 

man the bleed opening, it is possible to have a greater cmUom the mec hanical dither via pulse width modula- 
effective flow rate through the pflot passageway 56 than and/or frequency modu lation, selection of a desired rale 

through the bleed opening even if the pilot passageway 56 rf ^ ^ tbjough the pilot passa geway 56 is possible 
has the smaller diameter when the passageways 56 and 66 30 & rf flow rates ^out opening the mam valve, 
are such that tuibulence retards the rate of flow through he ^ herein ref6rred t0 as a low rang e of mass flow 

bleed passageway 66 relative to the rate of flow through the ^ 

pilot passageway 56. Intermediate and high flow rates are achieved by mcreas- 

If the frequency and pulse width of the solenoid current q£ ^ pulse modulated solenoid 

are sufficient to raise the pilot valve sealing member 68 from 3 5 w ^ the magnitude of flow through the pilot 

the pilot valve seat 58 for a large enough proportion of time, 56 is grea t enough to relieve the pressure m the 

the upward force of the fluid inlet pressure on the mam valve v ^ M above the main valve member thereby permit- 
unit 30 begins to exceed the downward force of the fluid ^ ^ member 32 , 0 ^ off of the mam valve 
pressure on the main valve unit 30, the main valve unit 30 » jg 

begins to rise (FIG. 3), and main valve unit 30 moves away 40 modulation voltage has a 50% duty 

from main valve seat 18. Main valve seal 50 disengages 1 P fl tbjough ^ coil 72 wtil 

main valve seat 18 and communication between fluid inlet cy , ^ a resuU) the mova ble armature 84 

port 14 and fluid outlet port 16 through the spaces between ° maximum stroke between its 

vanes 34 of main valve member 32 is enabled thereby ^ ^ ^ ^ fc ^ ^ 1} d its 
initially permitting intermediate range fluid flow from mlet 45 position ^ ^ ^ ^ ^ ^ open ^ ^ 
port 14 to outlet port 16. ^ h j £ace 6ngages the lower face of the plugnut 78. 

The main valve unit 30 continues to rise until pilot valve c ue X tbe main valve unit 30 will be permitted to 
seat 58 engages pilot valve sealing member 68, i.e., the pilo 5fJ% of Us ma ximum rise, and hence mam 

valve is closed. As a result, high-pressure fluid cannot *jjJ ^ fee spaced from main valve 18 about 

escape from the reservoir 64. As fluid entering reservoir 64 50 q{ maximum spacing. Thus, approximately % of the 
builds up, the downward force on the valve unit 30 increases rf maximum flow through the valve will be permitted 

until it, in combination with the downward force 01 tbe ^ ^ u ^ fluid outlet port 16. 

spring 60, again exceeds the upward force of the inlet JSuid ^ ?5% q{ ^ ^ Md off 25%, Le there 

against the bottom of mam va ve unit 30 The result h ^cycle, movable armature 84 will me through 

downward movement of the mam valve unit 30. However 55 " ^ JJ^ and as a result approximate^ % 

as soon as the main valve unit 30 begins to move / maximu m flow through the valve will be 

downwardly, pilot valve-sealing member 68 opens, once «™ fluid imet ort 14 and fluid ouflet port 16. 

again permitting higb pressure fluid above the main v aWe f™^^ theref( £ e> tha t the rate of high volume 
unit 30 to escape through passageway 56 to the fluid outlet mam yalve is proportio nal to the amount of 

port 16. An equilibrium position (FIG. 4) is quickly est*- 60 J^J* tQ the nlm & ^ 72. 
Ushed in which main valve unit 30 constantly oscillates a c ^ nt ^ mass flow rates can be achieved 

very short distance as pilot valve-seahng member 68 is ^^^^ZT^ot^sol^^ 
repeatedly opened and closed. u V Jf. mpf . r of the main orifice 20. For example if the 

Tne location of the main valve unit 30 as unit as it and fl »J"2£5S^3£2 has a 25% duty Cyde ' the 
oscillates is determined by the position of -vaW^mre ,5 Retinoid coil 72 wJ be 25% of 

84 and, hence, pilot valve seating member 68. Th^rtm c^rent no g jn ^ armamre ^ ^ ^ 

also determines the spacing between mam valve member 32 maximum, as 
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though one quarter its maximum stroke. SSSS'KS 

main valve unit 30 will be permitted to rise through just 25% area of the pilot passageway 56 increases, so 

of its maximum rise, and main valve unit 30 will be spaced ™y£!taW of available low flow rates or turn down 

from main valve seat 18 about % of the maximum spacing^ too J flow f ioQ of , he current vs . flow rate 
If the diameter of main orifice 20 is greater ton 25% o the 5 J^aWc. 

maximum stroke of the movable armature 84, flow will be ^ passageway 66 of the prop ortional solenoid 

in the intermediate range. ^ balances the pressures and forces above and below the 

When operated at high flow rates, i.e., where fluid Bow is h m 17 . The cross sectional area of the bleed pas- 

primarily across the main valve seat 18, the valve 10 of the v • £ fc ^ sfflaller ^ the cross sectional area 

instant invention behaves like the valve of U.S. Pat No. » geway 56 through the main valve member. 

5 294,089. That valve is a fluid assisted design, which by the Exposure of the pilot passageway 56 by lifting of the pilot 

control of a small pilot orifice, allows the solenoid to gmemb er 68 from the pilot valve seat 58 causes 

effectively position the diaphragm which, m turn controls essure imbalance across the diaphragm 17, which urges 

the flow through a much larger orifice. This type of valve ^ ^ member 32 away from the main valve seat 

typically has a turn down ratio of about 10 to 1 in flow over Conver sely sealing of the pilot passageway 56 balances 

its control range. As in the case of the aforementioned prior ^ ufes on both sides of the diaphragm 17 thereby 

art valve, control of armature position is most precise wnen « ^ it to be closeQ in response to a mechanical force, 

a pulsed DC source is applied to the solenoid coil 72, as b * m Me spring 60 . The size of the bleed passageway 

compared to simply varying the amplitude of a contmuous * gomewhat critical jf the bleed area is too smaU, 

DC current. ~ pressur e in the reservoir 64 will decrease so rapidly during 

Prior art valves are operable only in the intermediate and ^ opening pbase of t he pulse cycle as to cause the 
hieh ranges. Pulsing the current in such valves imparts a diaphrag m 17 to lift the main valve member 32 prematurely, 
dither to the movable armature 84 with an amplitude that is ^ Umiting the Mgh end of t be low flow range. Ableed area 
very small in comparison with the displacement of the main 25 which fa t00 largC) whi i e potentially extending the How 
valve member 32 from the main valve seat 18. Hence the obtained by dithering the pilot valve-sealing member 

dithering has negligible effect on flow rate which is deter- 6g onto ^ off of the pilot valve seat 58, would interfere 
mined by the exposed area of the openings between the ^ ^ ^b^ancing of the pressures on either side ot me 
vanes 34, and which increases as the main valve unit 30 dia hragm 17 needed to displace the main valve member 32 
rises . 30 from the main valve seat 18 for transition to the high flow 

In the valve 10 of the present invention, low rates of flow range , i.e., across the main valve seat 32. 
occur solely through the pilot passageway 56. To achieve It has beerj found that by placing on top of the diaphragm 
low flow rates over a continuous range, the pulse width and 17 a spring havi ng an appropriate spring constant and spring 
frequency of the dithered pilot valve-sealing member 68 are force) it fe possible to keep the main valve member 32 m a 
varied to determine the rate of fluid flow through the valve 35 closed ^sjtion, i.e., sealing the main orifice 20, thereby 
10 It has been found that pulsing the solenoid 70 over a aUowing operation at higher duty cycles and frequencies, 
carefully controlled range of pulse durations will allow (hus maximizing the low flow range, 
precise control of flow through the pilot passageway 56 in By balancing solenoid duty cycle and frequency, pilot 
The valve without causing the diaphragm 17 to open the main gageway 56 area, bleed passageway 66 area, and dia- 

valve by raising the main valve member 32 from the main 4Q . constant and spring force, high turn-down 

valve seat 18. By simultaneous variation of the pulse width ^ ^ rang ing flow rates, can be achieved Dy a 

and frequency of the wave form applied to the solenoid coil single proport i 0 nal solenoid valve. 
72, a close approximation of a linear correspondence EXAMPLE 1 

^:Z^LtXT^TX^^ 45 in a proportional solenoid valve having a circular pflot 
2K8 ^ Moreover, the transition from low o^OSmindm^M^iu^^^ 
flow range to the intermediate flow range can be made 0 .073 inches (1.85 mm) m diameter and a diaphragm 
S££. with no abrupt discontinuity in the current hold do wn spring wUh a sprmgforce ofL5 bs . .kg) .* 

flow characteristic, as can be done in the transition from the low flow range of 0.5-5.0 seta fo _ 
hTrmediate flow range to the high flow range. 50 obtainable by varying the pulse *™^* ^ f JJJJJ, 

For low flow rates 8 the «on» time of the puke must be ^J^^^S^^^^ 

allow the pilot valve-sealing member 68 to expose the pib gwX ove/a substantial range. 

of the pilot solenoid 70 will continue to operate in a pulsing solenoid 70. The duty cycle, i.e., * ^ ^ . & 

mode ' ui„c controlled bv a pulse width modulator 203 the construction 

Balancing of three mechanical parameters enables conned by. pulse^ ^ fa ^ ^ A 

achievement of a continuous range of low flow rates, each of which wJM* ^ ^ for ^ ^ 

of which can be selected by controlling the frequency and J^S^fS. per second of the pulsed DC signal 

pulse wave duty cycle of the solenoid coil current. These numbe^of eye es pe^ ^ ^ 

mechanical parameters are pilot orifice area, effecUve bked 65 producer lb Ohe squ g ^ ^ ^ ^ tQ 
passageway 66 area and diaphragm hold down spring con- ^ 



stant and spring force. 
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Amanud control device (not shown), e.g a control lever 
on a handle of a gasoline pump, can be mechanically farted £ = N _* + , R 

o a Sucer (not shown) for sending dgj 
microcontroller 207 which is connected to the pulse wiatn 

SSr circuit 203 and frequency M U* «r F- - - ™ -* 

for simultaneously adjusting the 

wfd h modulator circuit 203, and fr equency -g^S 10 

OP^^^S^ the main valve seat. Moreover," R _ ResistanC e of solenoid coil (ohms) 

° f n f tS! ^Iwuge on solenoid coil when during on penod of 
2,bf«^toi««^ te ^^ l, ^m^f PWM signal (volts) 



occurs. 



or more. . m , o UC h as the commerciaUy available bnct 

M=Mass of armature in kilograms ma in valve member can be calculated trom 

^rr^r-^zsss. . ■« « — - - - ■ - 

F -The initial force on the armature that must be over- m^^kp^^I^ 
"come to start motion, in newtons 

dynamics of the electric circuit of the solenoid cod where 

which is driven by the PWM excitatum voltage, are 7=gas aslant 

described by the following relationships: M=M ass flow per unit ^of tune 

R°=degrees Rankine (1 R =1-8 K-l 

During the 'ON' period of the PWM signal: 
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x=Displacement of the armature from its initial position in 
inches 

K=Constant (R^/unit temp.^Y-WCCPi^)^*- 

i)MVr) 

Pj-Inlet pressure in psia (1 kPa-6.8947573 psia) 

P 2 =Pressure downstream of main valve seat 

(^Discharge coefficient 

D^Pilot sealing surface diameter 

N 12 =Ratio of actual flow to sonic flow per unit area at 
eiven values of total temperature and pressure=[(P 2 / 
P 1 ) 2/Y -(P 2 /P 1 ) (Y+1)/Y /((Y-l)/2(2/Y + l)) (v+1)/(Y - 1) ] 1/2 

T=Inlet temperature in R° 

Where the fluid passed through the valve is a gas: 



20 



30 



35 



where 

gravitational constant (386 in-lb/lb-sec 2 ) (9.80665 
m/s 2 ) 

p=density (lb/in 3 ) (1 kg/m 3 =27679.905 lb/in 3 ) 

The total mass flow through the valve equals mass pilot 
flow until the displacement of the main valve member from 
the main valve seat, i.e., diaphragm stroke, X^>0. ^ 

In order to determine when the main valve member is 
lifted from the main valve seat, thereby unsealing the main 
valve opening for increasing the mass flow rate through the 
valve opening for increasing the mass flow rate through the 
valve, the relationship between the changes in pressure, 
temperature and volume occurring within the valve can be 
considered as follows: n,,™ u 

The Ideal Gas Equation is known to be M=PV/RT where 

P=pressure in diaphragm chamber 
V=volume in diaphragm chamber 
R=perfect gas constant 
M=mass of gas in diaphragm chamber 
Taking the derivative of the Ideal Gas Equation: 

mjM=p!P+vfV+tJT=Q 

where 

m=change in mass M 
v=change in volume V 
p=change in pressure P 
t^change in temperature T 

Assuming a polytropic process, the relationship pressure 
change to volume change is calculated from the following: 

where 

Aj=diaphragm area 
X^diaphragm movement 

n=number between 1 (for constant temperature) and y (for 

constant entropy) 
Y*=ratio of specific heats 

Solving for X d gives the diaphragm displacement: 

X^pV/nPA d 



across the main valve member causes it to be initially raised 
from the main valve seat, mass flow through the pilot 
opening in the main valve member is supplemented by 
limited mass flow through the main valve opening which is 
partially blocked by the main valve member being m close 
proximity to the main valve opening. While the main valve 
member is displaced from the main valve seat a distance 
equal to or less than 25% of the diameter of the main valve 
opening, mass flow rates over an intermediate range can be 
achieved. Once the main valve member is raised from the 
main valve opening by a distance position greater than 25% 
of the diameter of the main valve opening, mass flow rates 
over a high range can be achieved. 

Once the main valve opening is unsealed, the mass flow 
15 rate throughout the intermediate range of flow rates can be 
calculated as follows: 

tional valve 
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t atar m2SS flow rate trough the extended range propor- 



40 



where 

D 2 =diameter of the main valve opening 
M^^^-mass flow rate through the main valve open- 
ing 

M a ,=mass flow rate through the pilot opening 
Af main valve member displacement increases and the 
main valve member is no longer in close proximity to the 
main valve opening, the rate of mass flow through the pilot 
opening in the main valve member becomes insignificant 
relative to the rate of mass flow through the main valve 
opening and can be ignored. Hence, the mass flow rate 
throughout the high range of flow rates can be calculated as 
follows: 

M l(}ia l®Xj> 0. 25D2 <= ^diaphrag m 



45 



50 



where 

A^X^CjDjJt-efifective area of main valve opening 
The effective area of the main valve opening when the 
main valve member is displaced from the main valve seat by 
less than 25% of the diameter of the main valve opening is 
equal to the area of the main valve opening across which an 
equal pressure drop occurs under similar conditions when 
the main valve member is sufficiently displaced from the 
main valve seat so as not to affect mass flow rate through the 
main valve opening. 



By varying the duty cycle of the pulse width modulated 
current in the solenoid coil, and/or the frequency of the 
current, to dither the pilot valve member onto and off of the 
pilot valve seat, mass flow rates can be achieved over a 65 
continuous low range. When the rate of pilot mass flow is 
increased to a magnitude where the differential pressure 



EXAMPLE 2 

In an extended range proportional valve that was con- 
55 structed in accordance with the preferred embodiment of the 
invention for controlling the flow of natural gas (methane 
gas constant used), the following parameter values applied: 
K=Gas constant (R°*)/unit temp.=[((ratio of specific 

heats, Y -1)/2 Y ) ((P^) ( 7 -1)/Y-1)]-(1/Y)=23.14 
P a =Inlet pressure in=79.7 psia 

(^Discharge coefficient 0.35 (takes into account loss due 

to inlet restriction) 
D-^Pilot sealing surface diameter=0.056" 
N 12 =Ratio of actual flow to sonic flow per unit area at 

*given values of total temperature, and 
pressure=P 2 =0.95P 1 =75.72 psia 
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certain duty cycle, the vast majority of the flow through the 
Therefore, va]ve m ^ through the pi i 0 t orifice of the valve, in 

WASOWJP^-WPd^M- mvil+Vr^r accordance with the low flow mode previously d>scussed 

The mapping curve 212 represented by FIG. 7 may be 
T=Inlet temperature in degrees Rankine (R>527 s implemented in controller 210 through the use c , a look-up 

Xma,U^.328"i(0.1 6 52to0 f) ^-SiSTSffi^ 
M=Mass of armature in kilograms=0.0277 ^ slope of the curve 2 \2 is relatively constant and 

B=Friction force on the armature in newton/meter/ relativ ' ely smaU such that the curve 212 is relatively "flat". 

second=9.0 w l n other words, the change in the fluid flow rate as a percent 

K=Spring constant in newton/meter=2185 of the cha nge in duty cycle is not that significant for the duty 

F -Initial force on the armature that must be overcome to cycle ranges illustrated. This is beneficial in that it allows tor 
start motion, in newtons=1.338 a smooth transition to be made to an alternate mode of flow 

R SLf solenoid coil=6.5 ohms control where a different 

^Number of turns in the solenoid coil=850 as for *eJPWM -gj^^ ^discussion of the 

It is to be appreciated that the foregoing is a descnption As ^gf^™ 1 ™™*^ duty cycle of the low- 
of a preferred embodiment of the invention to which varia- valve of FIG^ 1-4 anc as y y & 

tions'and modifications may be made without departing frequency PWM ^J*>™£ * significant fluid flow 
from the spirit and scope of the invention. For example, mis pom t wiU ^ be re J^hed where tt ere g 
invention could also be applied to a pilot operated proper- 20 J^^^ 0 ^^, accurate control of the 
tional solenoid valve design wherein pressure on a rigid J^^« the relatively low 

piston, instead of a flexible diaphragm, is used to lift the ^Jow^ay adjustmen ts may not allow 

main valve member. fjTi™ Q nH curate adjustment of the flow rate through the 

FIGS. 6-10 illustrates certain features of one ^exemplary ^^^J^S^^t^^o.^ 
embodiment of a fluid flow system constructed ,n accor- 25 g^^J*^, ^ queQcf control mode, where 
dance with certain teachings provided be™- SfSfoquency conTand provided to the power circuit 

Referring first to FIG. 6, a fluid control system ,200 is *e fa xed trequen y v ^ for ^ 

illustrated that includes a controller 210; a power cucui 220 220 Jg«M ^» in connection with 

for generating a pulse width modulated signal at one of two low WW"" frequency. In the particular 

fixed frequencies; and a valve 230 that receives at its 30 FIGJ -to a "J^Sonlta high frequency is loO Hz. 
actuator the pulse width modulated signd from the power "JJ^^^J^ valves Signed to the 
circuit 220 and that, in response, controls the flow of gas or » *"JJ ™ frequency" mode of control will 
fluid from an inlet fluid feed line 232 to an outlet fluid hue J^^^f ^ecLical construction of 

234 - • • * a m <w « valve 230 and the electrical properties of the solenoid 

Tbe controller 210 receives at its input a fluid flow 35 vdve 23 fl and the the low frequency 

command signal that corresponds to a desired rate of fluid ^^™ such , hat & app u C aUon of a PWM signal 

flow through valve 234. This command signal may take the should J* ^ ^quency range will allow the pilot 

form of an analog or digital command signal that represent to the valve £0* Mtat frequ * g ^ ^ ^ 

for example, the desired rate of fluid flow in pounds of fluid valve member to move sup f 
per hour'or other such units such as kilograms per j«L 40 gJ^-^pS Set JfucnXt application of a 
The controller 210 receives the command signal and n 'J*? frequency range, at the anticipated duty 

response, generates output control signals ^™pond o PWM ^g^S^Si stable' positioning of the pilot 

a fixed frequency and a percent duty cycle that are provided cycle wmr J ^ of ^ 

to the power circuitry 220. The power circuit 220 responds valve ' ""JJ^JJ exemplary mapping curve 214 that 
tothosesignalsbygeneratingafixed-frequencypul^ M f^by conLkr 210for high frequency 

modulated signal having an active dutycycle corresponding may tK > ™P* m ? aiustrated mapping 

,o the command from controller 210. The valve 230, which mode comrol As may , ^ ^ 

is similar to the valve previously Xa au ty Jcle of proximately 40%. Tbis is because, 

wim FIGS. 1-4, wfll regulate me flow of fluid from fine 232 with a £ty^yci PP ed controller 210 

,o line 234 in response to the pulse width modulated signal 50 undei ■ ^ crcmoM . £ ^ 

Tbe controller 210 may be constructed using appropriate the ^contreUer wU W ? f ^ m has been 

digital or analog circuitry and may take the form of . of the valve in tbe low frequency 

microprocessor based digital controller that is independent ^J^SSSom an inspection of the curve in 

or par? of a larger conuol system. I» ^tL mustrated curve has lee basic sections A, 

210 wfll be constructed to provide a mapprng" of the input 55 ri^ »"» presents the low flow end of the curve 

flow command signal to a desired fixed-frequency and duty B-^J^^ low and fla( slope . 

cycle, FIG. 7 illustrates an exemplary mapping curve 212 214 and a .may be no ^ c ^ ^ 

that may be implemented by control 210 for low fre- Secbon B has a much higb p ^ q ^ ^ 

quency mode control. Specifically, it illustrates the mapping J^JJ ^ dut ' cycle * at or near 100% 

curve 212 that represent various flow rates and duty cycles 60 pant ^^gJ^S the valve 230 has reached a 

for an exemplary valve. In the illustrated mapping curve and > * e J^ SectiTI represents a section of approxi- 

212, the frequency of the PWM signal correspondmg to the 5? 33 should correspond to the 

illustrated parameters is not variable but is fixed at a ™ f ™' uen P c ^ ope rating conditions of valve 230. 
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• f Pir 8 with the "low fre- this region are defined to a great extent by the design and 
cycles. From a comparison of FIG^8 with , the low rre ^ { Jve m FIG 9 illustrates a valve 100 m 

quency" curve of FIG. 7, it may be noted: (1) that the ^™ °^ es the desired over l a p characteristic iden- 
LttenedsectionAhasessentiallythesameslopeasthesope ^ ™ as other characteristics suitable for a 

of thelow-frequency curve 212, and (2) that the valu sof he Ufied above a^ ^ fa m fi 

flow-rates and duty-cycles for the high frequency curve 214 5 fluid control sys^ many rf ^ ^ 

over that range essentially overlap the flow-rat an d components of the valve illustrated and described in 
cycles for the low-frequency curve 212 over W Tte jJ^S FIGS. 1-4 although the arrangement and 
overlap allows for a smooth transition to be made from the ^SSnrfsoch compone „ts differs in some respects 
low-frequency mode of control to the high frequency mode ^^^^J^ Vid ve. In general, the opera- 
of control as the fluid flow through valve 230 ™sed. » fin pre W ^ ^ sly discussed ta 

Because of the overlap of the high frequency and low- mot ive ^ 
frequency curves 212 and 214 in the identified ranges the ^fJJ 1 *^ a valve body U0 , which may be 
controller 210 may perform a transition from the low Vrtve IW m ^ fof ^ 

frequency mode of control to the high frequency mode of Jj^™ ^ ^ ^ valve 100 . Valve body 110 
control as follows: , , .„„„ , n inle , oort 112 The inlet port 112 has two sections, 

First, as the flow through valve 230 is brought up from JJ^^Jg^ a first d Leter and a section 112ft 
Z ero, the controller 210 will operate m the low frequency fi^ sectK m ^ J fe ^ &st diameter . 

mode, using low frequency mapping, such as the mapping havmg a seco n ^ ^ ^ ^ ^ 

curve 212 illustrated in FIG. 7, until a point is reached where AMnougn £ ^ 
the active duty cycle reaches a ™ a vCRfimi to allow the valve to be connected to a fluid 

overlap region identified above. At that pomt m response to a vu* mung, 

a further increase of the fluid command signal, the ^"iteoUer un^ defines a ^ ^ 12Q extending to 

210wiUshifttomehigh-frequencymodeof con^andwiU ™»2e rpendicular to the direction of the inlet port 
then implement a high frequency mapping, such as he a toechon perp ^ ^ ^ ^ cy ftl 

mapping curve 214 illustrated m FIG. 8. Because of the 25 ™™ &]so defined b valve body 110. In the 
operating characteristics of valve 230 in response to the ow ^^fvalve m the bleed tobe extends from the 
and high frequency PWM signals P^^™g J5££5iX?th. Met port. Tne cylindrical reserve r 122 
region identified above, this transition from low-frequency seen ^ Qf ^ b , d 

t0 high-frequency control occurs without any ^can ^ a iam^ter m ^ ^ yalve body u0 abo 

changes in the PWM duty cycle or any significant changes 30 « ™^ m m for receiving m 0 -ring or other 

m the flow through the valve 230. Tnus, by perf ormn* a define^ ec^d ar ^ 
transition from low frequency mode control to high fre- W ro P™ the g valve bod u0 typ ically be formed 
quency mode control within the overlap range, controller HO. v. w ^ member nf> as 

210 aflows for smooth fluid flow control over a wide range ^^J^™^ m * mber discuS sed below, will 
0f r P Sular duty cycle/flow rate where the transition typically be formed from a impressible, elastomenc mate- 
from low frequency to high frequency mode control occurs rial. ^ & ^ u4 ^ 

is not significant as long as the transUion occurs withm the Valve hoc! _U ^ ^ rf ^ ^ ^ 

overlap region described above Further, while the above extendsm ^ P^ ^ ^ m am 
discussion was in the context of transitionmg from a low 40 but a first section U4 a that is 
frequency mode control to a high frequency mode control as resell 114 ^ ^ ^ a Q 

the fluid flow increased, a transition could aha. occurfrom gj^g ^ extends from the first section 114a and has 
a high frequency mode to a low frequency if a controlled sec ion u« m ^ ^ 

decrease in the fluid flow through valve 230 is dcared. ^^f/^d communication with the inlet port 
Where smooth control of both fluid mcreases and flu d 45 reserve* U4 »m ^ m ^ 

decreases is desired, controller 210 may be constructed to ™J Near t | e top of reservoir 114 the va^ve 

tn^XdiltaatV^^te™^"^^ S/uO defines a recess 115 for receiving a sealing 
low-high and high-low transition so as to provide a form of body 11U ™™ 

hysterSs to prevent repeated transition if the flmd com- member (potW* ledj ^ ^ 

mand is changing slightly about a pomt in the region- 50 Mam ^™ b valve body U 0. Outlet 

Tne outputs of controller 210 identifying the low or high , direclioD paraUe l to that of inlet port 

fixed frequency and a given active duty cycle may take the port MJ ^ of main reservoir 114 . As with 

form of digital or analog signals. They are provided .* ^power 112 gWJ 1 QUtlet rt 116 may be coupled to 

circuit 220, which may be of 55 " STp^ck fittings or coupUngs (not show) for 

Power circuit 220 converts the control senate to . fi^d 55 extern^ p ^ 

frequency signal that is apphed to the valve 230 to ettect easy at extends fflt0 the 

conloloffloithroughmevalve230.Inthfemanner,sysjm ft ^"^^e body 110 as opposed to any 
200 allows for effective control of flmd flow over a wide ^^ £ ^ ^ u ? 4 believed to be 

range of flow rates. Ln»fiei»l in that it aflows the bleed tube 120 to receive fluid 

Is the above discussion indicates, the effect** > operauon ao stable fluid flo w (i.e., the inlet port) 

of system 200 of FIG. 6 is enabled by the fact that the u y of potentially significant torbulent 

^c>td^ 0 t^m m ^^th^^of ™ °^ l l c ™ r ™ Reservoir 114. 
overlap between the flow-rate versus active PWM duty cycle ^^J^Sad, in the exemplary valve 100 of FIG. 9, 
characteristics of the valve 230 when receiving a PWM Asmay^ v°* ^ ^ ^ formed from 

signal at the low frequency and the same charactensticsof 65 ™™Srfma terial. Specifically, all of the mbes, ports, 
the valve 230 when receiving the high frequency -PWM "fg^JS^SS by vdve body 110 are either parallel 
signal The existence of this overlap region and the extent of and reservous oenn y 
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or perpendicular to one another such that the valve body 110 
can be easily manufactured without expensive and time- 
consuming manufacturing processes. 

In the valve 100 of FIG. 9, a valve seating tube 150 is 
positioned within the main reservoir 114. The valve seating 5 
tube 150 may be formed of a metallic material that is the 
same as or different from the material used to form valve 
body 110.. Valve seating tube 150 has an outer diameter Dj 
slightly greater than the inner diameter of the second section 
114Z? of main reservoir and has a length that substantially 10 
extends the length of the main reservoir 114. Valve seating 
tube 150 is positioned within the second section 1146 of 
main reservoir such that the valve seating tube 150 is nested 
in, and held in place, by a press-fit between the valve seating 
tube 150 and the second section 1146 of the main reservoir. 15 
In the illustrated embodiment, a seal 152 also helps position 
the valve seating tube 150 within the second section 114b of 
main reservoir. As may be noted, the valve body 110 and the 
valve seating tube 150 are separately constructed for assem- 
bly so that the valve seating tube 150 may be readily inserted 20 
into the main valve body 110. 

Positioned within the valve seating tube 150 is a movable 
structure including a flow shaping element 160, an upper 
retaining member 170, a lower retaining member 180, and a 
flexible diaphragm 190 sandwiched between the retaining 25 
members 170 and 180. The diaphragm 190 is positioned to 
extend across the main reservoir 114. A sealing member 182 
is positioned on the underside of the lower retaining member 
180. The upper retaining member 170 contacts the dia- 
phragm 190 on the side of diaphragm 190 opposite main 30 
reservoir 114. 

Flow shaping element 160 is a solid structure that is 
fixedly attached to the upper and lower retaining members 
170, 180 and the diaphragm 190 such that, as the flexible 
diaphragm 190 flexes and moves, the flow shaping element 35 
160 will move with the diaphragm 190. The flow shaping 
element 160 includes a first section extending above the 
flexible diaphragm 190, which defines a pilot tube 162. Pilot 
tube 162 feeds into a long, cylindrical discharge passageway 
164 that extends the length of the flow shaping element 160. 40 
As reflected in the figure, the flow shaping element 160 
extends along a significant portion of the valve seating tube 
150. In some embodiments, the flow shaping element may 
extend for a length greater than or equal to 2.5 times the 
inner diameter D 2 of the valve seating tube 150. 45 

The flow shaping element 160 includes a second section 
164 that has an outer diameter approximately equal to, but 
slightly less than, the inner diameter D 2 of the valve seating 
tube 150. A more detailed view of this portion of the flow 
shaping element 150, along with a more detailed view of the 50 
upper portion of valve seating tube 150 is provided in FIG. 
10. FIG. 10 provides an enhanced view of flow shaping 
element 160 and valve seating tube 150 from FIG. 9. 
Referring to FIG. 10, the upper portion of valve seating tube 
150 includes a slightly raised portion that defines a valve 55 
seat 154. When the flexible diaphragm 190 is in its normal 
and non-deformed state, the sealing member 182 associated 
with the movable structure including flow shaping element 
160 will rest against the valve seat 154 thus blocking fluid 
flow over the valve seat 154. 60 

As FIG. 10 reflects, the flow shaping element 160 
includes a second section 164 that extends below flexible 
diaphragm 190. The second section 164 has three parts. A 
first part 165a has a straight portion that extends in a 
direction substantially parallel to the walls of the valve 65 
seating tube 150. A second part 1656 of the flow shaping 
element 160 tapers inward at a relatively constant slope that, 
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in the illustrated example, is at an 11 degree slope with 
respect to the walls of the valve seating tube 150. A third part 
165c of the flow shaping element 160 consists of an exten- 
sion of the pilot tube 162 and vanes 166 that extend from the 
pilot tube 162. Only two such vanes 166 are illustrated in the 
figures. In addition to enhancing the fluid flow characteris- 
tics of valve 100, the vanes 166 help stabilize the flow 
shaping element 160 and, therefore, the flexible diaphragm 
190 attached to the flow shaping element 160. 

The specific shape of the flow shaping element 160 is 
important for providing the flow characteristics that allow 
the valve 100 of FIGS. 9 and 10 to be utilized in a fluid 
control system such as described in connection with FIG. 6. 
Specifically, as the fluid pressure in the main reservoir 114 
increases to a point where the flexible diaphragm 190 is 
deflected upward, the flow shaping element 160 will begin 
to lift off the valve seat 154 and thus allow fluid to flow over 
the valve seat 154. Fluid is allowed to flow through a 
passageway defined by the relationship between the second 
section 164 of the flow shaping element 160 and the inner 
walls of the valve seating tube 150. Specifically, when the 
flow shaping element 160 is initially lifted off the valve seat 
154, the change in the amount of fluid that can flow over the 
valve seat 154 into the valve seating tube 150 will be 
relatively small in response to upward movement of the flow 
shaping element 160. This is because the passageway 
through which the fluid must pass will be defined by the 
straight section 165a of the flow shaping element 160. 
Upward movement of the flow shaping element 160 at this 
position will not appreciably increase the diameter of this 
passageway. The straight section 165a of the flow shaping 
element 160 helps provide for the relatively flat, low-slope 
section A of the curve 214 of FIG. 8. Thus, the specific shape 
of this portion of flow shaping element 160 helps provide the 
"high-frequency" flow characteristics that make valve 100 
particularly suited for use in a system as illustrated in FIG. 
6 

As flow shaping element 160 is moved upward in 
response to deflection of the diaphragm 190, a point will be 
reached where the tapered section 1656 of the flow shaping 
element 160 begins to define the passageway through which 
fluid flows over the valve seat 154 into the valve seating tube 
150. At this point, the rate of change in fluid flow as a 
percent of the change in the upward movement will increase 
significantly beyond what existed when the passageway was 
defined by only the straight section 165a of flow shaping 
element 160. Thus, during this region of movement of the 
flow shaping element 160, the valve 100 will exhibit char- 
acteristics reflected by intermediate section B of the curve 
214 of FIG. 8. Continued upward movement of the flow 
shaping element 160 will result in sections 165a and 1656 of 
the flow shaping element 160 projecting above and out of the 
valve seating tube 150 such that the fluid will flow over the 
valve seat 154 directly into the tube 150 without significant 
restriction. In this position as illustrated in FIG. 10, the valve 
100 will be in the higher flow section C of the curve 214 in 
FIG. 8. 

In addition to providing a detailed illustration of the flow 
shaping element 160, FIG. 10 also illustrates the manner in 
which the flexible diaphragm 190 is positioned between the 
upper and lower retaining members 170 and 180 and the 
construction of the members 170 and 180. In the illustrated 
example, lower retaining member 180 is a generally circular 
member that is mounted to both the fluid shaping element 
160 and the diaphragm 190. Upper retaining member 170, 
however, has a more complicated structure. Specifically, 
upper retaining member 170 includes two raised sections 
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172 and 174 that define an annular recessed region 176. The portion of the diaphragm ^^^^^ 

movable member containing upper retaining member 170 is D 3 of the upper retaining member 170 it is possible _ to 

Srffted fmm moving upward in an undetired manner by decrease the effective area of flexible diaphragm 190 thus 

S KhtionsSp So a first biasing spring 178 and the allowing for more effective control of valve 100. In one 

J^fSSSSSTm SpecmcfllyVupper retain- 5 embodiment of valve 100 the ™™ «2 SSS£ 

ing member 170 defines an annular ledge stnictnre 173 that of the upper re armng member^ 70 ^d 1 such thaUt » k» 

is sized to receive one end of biasing spring 178. The other than or equal to the outer diameter D, ol valve sealing tune 

end of bS 7rmg 175 is positioned'against a portion of 150. This relations!* ^ 

the upper valve body 111, which will be discussed in more upper retaining member 170 and the valve scatmg tvfot 150 

Z Jtelow Basing spring 178 provides a downward 10 is believed to provide for particularly beneficial flow con- 

S ^J^SSL^t ^aisoreflectedinFIClO the pilot seaUng member 130 

conical in shape and has the special characteristics in that gization of the solenoid. The movabl control elemem 134 

one end of the spring 178 has a diameter that is larger than is biased downward against the pilot tube 162 by a double 

atchedToTin a feed fashion downward against the valve provide accurate, controllab e flow a low flow levels, 
sea, 154 a^d (2 '"lateral" or "sideways" component that 25 A further feature of the valve 100 illustrated 

wfl tend to keep the upper retaining member 170-and the the unique construction of the movable control element 1M 

demenfc affiSd o SSL moving in a lateral direction (or solenoid core). In particular, ,t may be noted that the 

J T left St in HG 10). This double biasing feature of movable control element 134 has been machmed ^such t±at 

A.^^^^--— -tonal £ been removed^ area o^element 134 

Tecls V e vll^lOO will operate in the same general results in a narrowed portion 136 of the movable control 

m annerasthevalvedescribedmconnectionwithnGS.l-», element 134 near the location where the ^ e ^J 

£e flow characteristics of the valve 100 will depend, in coupled to the pilot seahng member 130_ Tne n^vable 

manv resnects on the ability of fluid to flow through the control element or solenoid core 134, which is typically 

SmcSr^meters including the distance separating the formed by the movable control element 13 £t ^ t. bias ng 

nilot sealine element 130 and the effective cross-sectional sprmg 132 is increased. The increase in tne natural ire 

ama of t pilot "be 162 in the direction of fluid flow. The quency of the system tends to separate the^ naturd ^frequency 

feet* cross-sectional area of the pilot tube 162, will in of the mechanical system 

Atahcfc.»reof 1 beupi»r re »i 0 i«gmemb=rl70islh,t Reforms b«ok lo FIG. 9, i» .Mtta. Ik. domeotj 

SSK 190 Tl" SS« ol a flexible di.pto.gm pie~ ot mdnU 0,« delta a wk pa^gew.y 131 

SitSSb '» di.me.ers of the rigid elemenls 170 ,od Wbe. uppo, bod, 111 « po». ««d 
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ing at its upper position. When the valve 100 is assembled, 
the upper retaining member 170 is positioned in this reser- 
voir 140 and the pilot tube 162 opens into this reservoir 140. 

As discussed above, the relationships between the cross 
sectional areas of the pilot tube 162 (or pilot orifice) and the 5 
bleed tube 120 (or effective bleed area) and the spring 
constant of the spring 178 that biases the diaphragm 190 
may be of significant importance in achieving a usable range 
of flow control for any given frequency and duty cycle pulse. 

The sizing of the orifice of the pilot tube 162 is important 10 
in ensuring that the low-frequency mode (e.g., 31 Hz) and 
high-frequency mode (e.g., 160 Hz) flow vs. PWM duty 
cycle curves include an appropriate region of overlap, allow- 
ing for a clean transition point. If the orifice of the pilot tube 
162 is too large, the minimum flow obtainable in the high 15 
frequency mode may be compromised, and may exceed the 
maximum controllable flow in the low frequency mode. If 
the orifice of the pilot tube 162 is too small, the upper end 
of the low frequency mode curve may be limited, again 
resulting in high and low frequency mode curves that do not 20 
overlap. 

The effective bleed area of the bleed tube 120 of the valve 
of the type discussed herein is used to balance the pressures 
and forces above and below the diaphragm 190. This effec- 
tive bleed area is typically smaller than the area of the orifice 25 
of the pilot tube 162. Opening of the orifice of the pilot tube 
162 causes a pressure/force imbalance across the diaphragm 
190, causing the main valve to open. Inversely, closing of 
the orifice of the pilot tube 162 causes the diaphragm 190 to 
be pressure/force balanced, allowing it to be closed by some 30 
mechanical means. The sizing of the effective bleed area in 
relation to the other parameters can be of significance in that 
if the effective bleed area is too small, pressure will be 
dumped through the orifice of the pilot tube 162, during the 
active portion of a low-frequency PWM pulse faster than it 35 
can be replaced by the bleed tube 120. This could cause the 
diaphragm 190 to lift and open the main valve prematurely, 
thus limiting the potential low flow range. An effective bleed 
area sized too large, while maximizing the amount of flow 
that could be obtained in the low frequency mode, could 40 
result in an inability for the diaphragm 190 to unbalance and 
prevent the main valve from opening for higher flows. In 
addition, it has been found that effective bleed areas too 
large may result in greater separation of the pilot sealing 
member 130 and the pilot tube 162, resulting in valve 45 
instability 

With respect to the diaphragm biasing spring 178, if this 
spring 178 is too weak, the diaphragm 190 may open 
prematurely during low frequency mode, limiting the con- 
trollable flow range. If the spring 178 is too strong, the upper 50 
end of the high frequency curve may be limited, reducing the 
turn down ratio. 

It should be noted that no single parameter, duty cycle, 
frequency, pilot area, effective bleed area, or diaphragm 
biasing spring governs successful operation of the valve in 55 
the low or high frequency mode. Rather, it is a balance of all 
parameters. 

As may be noted, upper body 111, because of its elegant 
design, may be easily constructed and affixed to main valve 
body 110. Thus, the construction of the main valve body 110, 60 
the valve seating tube 150 and the upper body 111 allow for 
relatively easy, cost-effective, "bottom" up construction of 
the valve 100. 

Attached to the upper opening of reservoir 140 is an 
actuating assembly that includes the movable control ele- 65 
ment 134 discussed above, and the magnetic and other 
materials forming the solenoid that causes the movable 
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control element 134 to move in response to an energizing 
signal. The construction and operation of this portion of 
valve 100 is the same as that previously discussed with 
respect the valve of FIGS. 1-^4 and will not be further 
discussed herein. 

The general operation of valve 100 is the same as that 
described above in connection with the valve of FIGS. 1-4. 
Thus, when the valve is providing a low fluid flow, it is 
operating in response to a controller providing low- 
frequency PWM control signals. Fluid flow will occur as a 
result of fluid flowing into the inlet port 112, through the 
bleed tube 120 and into reservoir 140. As a result of upward 
movement of the movable control element 134 during each 
PWM period, fluid will flow through the pilot tube 162, 
through the discharge passageway 163 and out the outlet 
port 116. As the active duty cycle of the PWM control is 
increased in this low frequency mode, more and more fluid 
will flow through valve 100 during each PWM period and a 
point may be reached where the diaphragm 190 is deflected 
slightly upward and fluid flows over valve seat 154 into 
valve seating tube 150 and out the outlet port 116. While the 
vast majority of the fluid flow in the low frequency mode of 
operation will be through the bleed and pilot tubes 120 and 
162, the above is mentioned to indicated that some fluid flow 
over the valve seat 154 is not inconsistent with the teachings 
provided herein. 

When a point is reached that the controller controlling 
valve 100 switches to a high frequency mode of control, the 
movable control element 134 will move up in a controlled 
manner until a point is reached where the valve 100 is fully 
opened. 

While the apparatus and methods of this invention have 
been described in terms of preferred embodiments, it will be 
apparent to those of skill in the art that variations may be 
applied to the process described herein without departing 
from the concept and scope of the invention. All such similar 
substitutes and modifications apparent to those skilled in the 
art are deemed to be within the scope and concept of the 
invention as it is set out in the following claims. 

What is claimed is as follows: 

1. A proportional valve comprising: 

a main valve body defining an inlet port, an outlet port, 
and a main reservoir; 

a valve seating tube positioned within the main reservoir 
and having a first outer diameter; 

a pilot tube member positioned within the valve seating 
tube and having a flexible diaphragm positioned across 
a dimension of the main reservoir; and 

an upper member securing the pilot tube member to the 
diaphragm on a side opposite the valve seating tube and 
having a second outer diameter, the second outer diam- 
eter being in contact with the diaphragm and being less 
than or equal to the first outer diameter of the valve 
seating tube, 

wherein the flexible diaphragm has a first effective area on 
the side opposite the valve seating tube defined by the 
second outer diameter and the dimension of the main 
reservoir. 

2. The proportional valve of claim 1, further comprising 
a first double biasing spring disposed in the main reservoir 
and biasing the diaphragm on the side opposite the valve 
seating tube. 

3. The proportional valve of claim 1, further comprising 
a second double biasing spring disposed in the main reser- 
voir and biasing a pilot valve member movable in relation to 
the pilot tube member. 
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4. Tbe proportions! valve of claim 1, wherein the body through the mail .flow area ^when the diaphragm » 
defines a U tube communicating the in,et port with the J^^i5^T2to ie cfa, and tapering 
main reservoir on the sxde of the duphragm opposxte the a ^ of ^ main flow area> the 
valve seating tube. c Prn nd section adapted to present a less restricted 

5. TTieproportionalvalveo^ 5 ^IJSTLSaL main flow area when the 
the bleed tube adjacent the inlet port is perpendicular to the f3ed to an intermediate flow 

^ Trie proportional valve of claim 1, further comprising: . ^2^!lj«nt the second section and having 

a lower member retaining the pilot tube member to the ^ ^ dimension less than the first outer 

diaphragm on a side adjacent the valve seating tube and dimension of the first section, the third section 

having a third outer diameter, the third outer diameter adapted to present a full flow region through the 

being in contact with the diaphragm and being at least f ^ di hragm fe moved to a 

as great as the first outer diameter of the valve seating ^ flow cQQd]tion 

tube, 15 9 The pr0 portional valve of claim 8, wherein the second 

wherein the flexible diaphragm has a second effective area rtion of the pilot tube member is disposable in the mam 

on the side adjacent the valve seating tube defined by ^ q ^ for a length greater than or equa i t0 2.5 times the 

the third outer diameter and the dimension of the main dimension 0 f lne ma i n valve area, 

reservoir. 10. The proportional valve of claim 8, wherein the second 

7. The proportional valve of claim 6, wherein the first ^ tapefs inward from the fa st section to the third 
effective area is greater than the second effective area. sec tion at an 11 degree slope with respect to the inner wall 

8. A proportional valve having an extended flow range, q£ ^ main yalve area 

comprising: 11. The proportional valve of claim 8, further comprising 

a body having an inlet and an outlet with a reservoir a first double biasing me mber disposed in the reservoir and 

between the two; 25 biasing the pressure sensitive member on the first side 

a main flow area in the reservoir having an inner wall with opposite the main valve area. ^mnrUimr 

an inner dimension; and 12. The proportional valve of claim 8 further comprising 

outer flow shaping surface comprised of: valve ^ „ wherein , tion 

■ ssxss rar-ira -isms- *. * «— - - 

flow area, the first section having a first outer dimen- inlet. 

sion less than the inner dimension of the main flow ***** 
area and adapted to present a restricted flow region 



